The syntheses and characterization of four new anchoring ligands (2-5) for copper(I) bis(diimine) dyes in dye-sensitized solar cells (DSCs) are reported. Ligands 2 and 3 contain a 6,6 0 -dimethyl-2,2 0 -bipyridine copper-binding unit, while 4 and 5 contain a 2,9-dimethyl-1,10-phenanthroline unit; 2 and 4 contain cyanoacrylic acid anchoring units, and 3 and 5 possess (1-cyanovinyl)phosphonic acid anchors. Among dyes incorporating 2-5, the best performing dye contained anchor 3 (6,6 0 -Me 2 bpy/(1-cyanovinyl) phosphonic acid combination). The better performances of dyes containing the bpy-based 2 and 3 compared to the phen-based 4 and 5 are rationalized largely in terms of the greater flexibility of the bpy vs. phen unit, allowing dyes containing 2 and 3 to adopt a conformation that leads to better surface coverage on mesoporous TiO 2 . Replacing 1 by 3 leads to a small gain in the short-circuit current density The EIS data for DSCs with dyes containing anchors 3 or 1 are compared; the latter has a higher recombination resistance and chemical capacitance although the former exhibits a lower transport resistance.
Introduction
Solar-to-electrical energy conversion by Grätzel dye-sensitized solar cells (DSCs) conventionally uses ruthenium(II) photosensitizers with carboxylic acid or carboxylate groups for attachment to a mesoporous n-type semiconductor (usually TiO 2 ).
1,2
State-of-the art ruthenium-based, organic and zinc(II) porphyrin-based dyes typically use carboxylic acid and cyanoacrylic acid anchors, although the palette of anchoring groups has increased signicantly in recent years. [3] [4] [5] [6] [7] The combined electron-withdrawing properties of the cyano and carboxylic acid groups in cyanoacrylic acid-anchored dyes are an integral part of the classical 'push-pull' dye design.
We have initiated a systematic assessment of copper-based sensitizers in DSCs, and have exploited the use of heteroleptic dyes containing a [Cu(N^N)(N^N 0 )] + core (N^N and N^N 0 ¼ 2,2 0 -bipyridine or 1,10-phenanthroline-based ligands) to enable optimal combinations of anchoring and ancillary domains. We have focused on a 'surfaces-as-ligands' approach to assemble dyes in a stepwise manner on the semiconductor surface, 8, 9 in contrast to the HETPHEN strategy favoured by Odobel and coworkers. 10 While the photoconversion efficiencies, h, of copper-based DSCs are currently lower than those of devices with state-of-the art ruthenium(II), organic and zinc porphyrinbased sensitizers, their potential is clear with values of h > 3% with respect to h $ 7.5% for the reference ruthenium dye N719.
Anchoring ligand 1 (Scheme 1) has featured in most of our recent studies of copper(I)-based DSCs. Here, we report the effects on the photoconversion efficiencies of DSCs containing [Cu(L anchor )(L ancillary )] + dyes of replacing the P(O)(OH) 2 anchors in 1 by cyanoacrylic acid or (1-cyanovinyl)phosphonic acid groups (ligands 2 and 3, Scheme 1). We also look at the effects of replacing the 2,2 0 -bipyridine (bpy) core by a 1,10-phenanthroline (phen) domain (ligands 4 and 5, Scheme 1). Each of the anchoring ligands investigated contains methyl groups in the 6,6 0 -positions of the bpy unit or the 2,9-positions of the phen unit. Substituents in these positions stabilize copper(I) with respect to oxidation to copper(II) by sterically hindering at-tening of the tetrahedral coordination sphere to the square planar geometry preferred by copper(II).
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Experimental
General A Biotage Initiator 8 microwave reactor was used for reactions carried out under microwave conditions. 1 H, 13 C and 31 P NMR spectra were recorded on a Bruker Avance III-500 or 400 MHz NMR spectrometer; 1 H and 13 C chemical shis were referenced to residual solvent peaks with respect to d(TMS) ¼ 0 ppm, and 31 P with respect to d(85% aqueous H 3 PO 4 ) ¼ 0 ppm. Solution and solid state absorption spectra were recorded on an Agilent Cary 5000 UV-Vis-NIR spectrophotometer. FT-IR spectra were recorded using a Perkin Elmer Spectrum Two with UATR for solid samples. MALDI-TOF and electrospray ionization (ESI) mass spectra were recorded on Bruker esquire 3000 plus and Bruker Daltonics Inc. microex instruments, respectively, and high resolution (HR) ESI-MS on a Bruker maXis 4G instrument. Compound 1, 18 4,4 0 -dibromo-6,6 0 -dimethyl-2,2 0 -bipyridine, 19 4,7-dichloro-2,9-dimethyl-1,10-phenanthroline 20 and [Cu(Me 2 -bpy) 2 ][PF 6 ] 21 were prepared as previously described. 6,6 0 -Dimethyl-2,2 0 -bipyridine (Me 2 bpy), (4-formylphenyl)boronic acid and diethyl cyanomethylphosphonate were purchased from Sigma Aldrich, Acros and Alfa Aesar.
4,4
0 -(6,6 0 -Dimethyl-[2,2 0 -bipyridine]-4,4 0 -diyl)dibenzaldehyde
The method is adapted from that reported. 22 Cs 2 CO 3 (1.14 g, 3.51 mmol) was dissolved in water (2 mL) and the solution was degassed with N 2 for 10 min. 4 
Compound 3
Me 3 SiBr (0.639 mL, 4.84 mmol) and 3a (44.6 mg, 0.0628 mmol) were dissolved in CH 2 Cl 2 (20 mL). The reaction mixture was stirred for 2.5 days at room temperature. Water (20 mL) was added to the reaction mixture and a precipitate formed. The product was ltered, and washed with water (10 mL), EtOH (2 Â 10 mL) and CH 2 Cl 2 (2 Â 10 mL). 
Ester 5a
Piperidine (16.8 mL, 0.170 mmol), diethyl cyanomethylphosphonate (82.1 mL, 0.510 mmol) and (dimethyl-1,10-phenanthroline-4,7-diyl)dibenzaldehyde (70.7 mg, 0.170 mmol) were dissolved in CHCl 3 (20 mL) and the reaction mixture was heated at reux for $15 h. Aer cooling the mixture to room temperature, CH 2 Cl 2 (30 mL) was added and the organic layer was washed with water (3 Â 25 mL) followed by brine (3 Â 25 mL), dried over MgSO 4 and the solvent was removed under reduced pressure. The crude product was puried by column chromatography (3 : 2 cyclohexane/acetone) and the solvent from the fractions collected was removed under reduced pressure. Ester 5a was isolated as a pale yellow solid (61.4 mg, 0.0836 mmol, 49.2% 
Compound 5
Me 3 SiBr (0.718 mL, 5.44 mmol) and 5a (61.4 mg, 0.0836 mmol) were dissolved in CH 2 Cl 2 (20 mL) and the reaction mixture was stirred for 3 days at room temperature. Water (20 mL) was added to the reaction mixture and the precipitate that formed was collected by ltration, and was washed with water (10 mL), EtOH (2 Â 10 mL) and CH 2 Cl 2 (2 Â 10 mL). 
Electrodes for solid-state absorption spectroscopy
Dye-functionalized electrodes were assembled as detailed below but using Solaronix Test Cell Titania Electrodes Transparent.
DSC fabrication and measurements
Working electrodes (Solaronix Test Cell Titania Electrodes) were washed with milliQ water and EtOH and sintered at 450 C for 30 min, then cooled to z80 C and immersed in a DMSO solution of 1, 2, 3, 4 or 5 (1.0 mM) for 24 h at room temperature. The functionalized electrodes were removed from the solutions, washed with DMSO and EtOH and dried using a heat gun (100 C). Each electrode was then immersed for 3 days in an acetone solution of [Cu (6) Test Cell Platinum Electrodes were used for the counter electrodes, and volatile organic impurities were removed by placing the electrodes on a heating plate (450 C, 30 min).
The working and counter electrodes were joined using thermoplast hot-melt sealing foil (Solaronix Test Cell Gaskets) by heating while pressing them together. The electrolyte comprised LiI (0.1 M), I 2 (0.05 M), 1-methylbenzimidazole (0.5 M), 1-butyl-3-methylimidazolinium iodide (0.6 M) in 3-methoxypropionitrile. The electrolyte was introduced into the DSC by vacuum backlling and then the hole in the counter electrode was sealed (Solaronix Test Cell Sealings) and covered (Solaronix Test Cell Caps).
Measurements were made by irradiating from behind using a light source LOT Quantum Design LS0811 (100 mW cm À2 ¼ 1 sun). The power of the simulated light was calibrated using a reference Si cell. All DSCs were completely masked 23,24 before measurements were made.
The external quantum efficiency (EQE) measurements were made using a Spe-Quest quantum efficiency setup (Rera Systems, Netherlands) operating with a 100 W halogen lamp (QTH) and a lambda 300 grating monochromator (Lot Oriel). The monochromatic light was modulated to 3 Hz using a chopper wheel (ThorLabs), and the cell response was amplied with a large dynamic range IV converter (CVI Melles Griot) and then measured with a SR830 DSP Lock-In amplier (Stanford Research).
Electrochemical impedance spectroscopy (EIS) measurements were carried out on a ModuLab® XM PhotoEchem photoelectrochemical measurement system from Solartron Analytical. The impedance was measured around the opencircuit potential of the cell at different light intensities (590 nm) in the frequency range 0.05 Hz to 100 kHz using an amplitude of 10 mV. The impedance data were analysed using ZView® soware from Scribner Associates Inc.
Results and discussion
Anchoring ligand syntheses
The procedures for the preparation of ligands 2 and 3 are summarized in Scheme 2. Ligand 2 has previously been reported, and we adapted the method described by Yuan et al., 22 using (4-formylphenyl)boronic acid in place of the analogous pinacolate ester in the rst step. The 4,7-functionalized phen compounds 4 and 5 were prepared in an analogous manner to the routes shown for 2 and 3, but replacing 4,4 C NMR spectroscopies and mass spectrometry (see Experimental section). Treatment of these aldehydes with cyanoacetic acid in the presence of piperidine (Scheme 2) yielded the cyanoacrylic acids 2 and 4 (Scheme 1) in 84.3 and 69.8% yield, respectively, aer workup. The base peak in the electrospray (ESI) mass spectrum of 2 was observed at m/z 527.07 corresponding to [ The aldehyde intermediates were converted into the (1-cyanovinyl)phosphonic acids in two steps. 4 
phenanthroline-4,7-diyl)dibenzaldehyde was treated with diethyl cyanomethylphosphonate in the presence of piperidine to yield esters 3a (Scheme 2) or 5a, respectively. These compounds were deprotected with Me 3 SiBr to yield phosphonic acids 3 and 5. Despite several attempts, satisfactory elemental analyses of 3a, 5a, 3 and 5 could not be obtained, probably due to the presence of water. The base peaks in the high resolution electrospray mass spectra of esters 3a or 5a came at m/z 711. , H A3 and H A5 in 3a and 5a (see Schemes 2 and S1 † for labels) were made using NOESY crosspeaks as detailed above for compound 2. Acids 3 and 5 are poorly soluble in most common organic solvents and show only limited solubility in DMSO; well resolved 1D, HMQC, HMBC and NOESY spectra were obtained for 3 in DMSO-d 6 , but for 5, only a broadened 1 H NMR spectrum could be recorded. Deprotection of 3a to 3, and 5a to 5 was conrmed by the disappearance in the 1 H NMR spectra of the signals arising from the ethyl groups in 3a and 5a; Fig. 1 shows the 1 H NMR spectrum of 3. 30 Caution is needed when comparing absolute absorbances in the solid-state spectra; the absorbance with respect to the background tail from the TiO 2 is considered. The data in Fig. 2 indicate that the combination of bpy and a PO 3 H 2 anchor (blue curve in Fig. 2 ) leads to the best dye-loading; based on solution data for homoleptic complexes we feel justied in assuming that the extinction coefficients of the MLCT bands for the four complexes are similar. Fig. 2 + compared to cells containing the other three dyes are reected in the EQE spectra shown in Fig. 4 ; values of EQE max are given in Table 2 . All EQE max occur at wavelengths of around 480-490 nm (Table 2) , red-shied from the solid-state absorption maxima ($465 nm). The performances of the DSCs were also recorded aer 7 days, and a comparison of Fig. 3 with Fig. S6 † shows that the cells are moderately stable; the photoconversion efficiency of the best DSC with dye [Cu(3)(6)] + decreases from 1.91% (Table 1 ) to 1.75%. The conclusion of this initial investigation is that, for a dye containing the model ancillary ligand 6, the preferred anchoring ligand is 3 with a 6,6
0 -Me 2 bpy metal binding domain functionalized with (1-cyanovinyl)phosphonic acid anchors. The poor performances of dyes with the phen-containing anchors 4 and 5 may, in part, be rationalized in terms of the greater exibility of the bpy (vs. phen) unit. This presumably allows the dyes containing 2 and 3 to adjust more readily to a conformation that facilitates better anchoring to the mesoporous TiO 2 surface, as is borne out by the solid-state absorption spectra in Fig. 2 . This in turn should lead to enhanced electron injection. It is worth noting that few [Cu(N^N) 2 ] + sensitizers reported to date have incorporated phen-based anchors.
31-33
In two cases, the anchoring carboxylate/ carboxylic acid functionalities are attached to the phen 2,9-positions. The few [Cu(N^N) 2 ] + dyes that exceed h ¼ 3% possess bpy-based anchoring ligands.
11,12,34
The effect of introducing a CF 3 group into the ancillary ligand
We have previously demonstrated in n-type DSCs that the introduction of CF 3 substituents into the 6-or 6,6 0 -positions of a bpy ancillary ligand leads to a signicant improvement in J SC and a small gain in V OC . 30 These observations were made using the sensitizers [Cu (1)(7) Table 3 . J-V curves for the better performing DSC of each pair are shown in Fig. S8 † and reveal the same trends with respect to the anchoring ligand as is observed in Fig. 3 . This supports the fact that the best values of both J SC and V OC are obtained with anchoring ligand 3 (bpy unit combined with phosphonic acid anchor). A comparison of the data in Tables 1 and 3 shows a general increase in both J SC and V OC upon introduction of the CF 3 group into the ancillary ligand. This is most noteworthy on going from [Cu (3) (7)] + ).
Phosphonic acid versus (1-cyanovinyl)phosphonic acid anchor
As discussed earlier, the phosphonic anchoring ligand 1 has been our preferred choice in most recent studies of copper(I)-based DSCs. Although replacement of the phenylene spacers in 1 by 2-thienyl units leads to effective anchoring ligands, the improvement in DSC performance is not dramatic. 15 We now compare the performances of n-type DSCs containing the dyes [Cu(3)(7)] + and [Cu(1)(7)] + in order to assess whether the (1-cyanovinyl)phosphonic acid anchor has advantages over a phosphonic acid unit. DSC parameters for masked cells containing [Cu(3)(7)] + and [Cu(1)(7)] + are given in Table 3 , and J-V curves are plotted in Fig. 5 and S10 †. Replacing anchor 1 by 3 leads to a small gain in J SC , the enhanced J SC of 6.59 mA cm À2 approaching half of that achieved by the N719 reference DSC (Table 3) . On the other hand, use of 1 leads to a higher V OC , and (with all cells exhibiting similar ll-factors of 66-71%) overall, values of h are similar. The EQE spectra in Fig. S9 † show a gain in EQE max of $3 to 5% on going from [Cu(3) (7)] + and [Cu(1) (7)] + (Table 3) but this is essentially compensated by a red-shi in the spectrum (Fig. S9 †) .
Electrochemical impedance spectroscopy (EIS): introduction
To quantify internal charge processes, electrochemical impedance spectroscopy (EIS) was utilized. EIS can be used to investigate physical processes within the DSC, and key parameters such as recombination resistance (R rec ), chemical capacitance (C m ) and transport resistance (R t ) can be extracted. The measurements are conducted near V OC where a small AC current of varied frequency is superimposed resulting in an impedance response. The measurements can be carried out under various illumination intensities or in the dark, and are conveniently represented in a Nyquist plot (Fig. 6) . In this plot, each semi-circle corresponds to the impedance of a specic interfacial charge transfer process which takes place at a given frequency. If following the real number axis from the origin in a DSC-EIS measurement Nyquist plot, the distance from zero to the rst semi-circle is the series resistance (R s ) predominantly arising from the charge resistance of the TiO 2 /FTO. 35 On going further along the axis, the rst circle corresponds to the a Relative to N719 set at 100%. cathode/electrolyte charge transfer impedance, and the second is the recombination resistance of the active layer/electrolyte. The small, third semicircle is related to the diffusion resistance of charge carriers in the electrolyte, and may or may not be seen depending on how large it is and on the magnitude of R rec leading to overlapping of the semi-circles (Fig. 6 ). When interpreting EIS it is crucial to correctly identify which impedance semi-circle belongs to which process. However, this is easily done for EIS data on DSCs, since a change in bias light intensity should mainly affect only the recombination impedance.
In the following discussion, we rst address the factors that contribute to anchoring ligand 3 being superior to 2, 4 and 5. We follow this with a comparison of the behaviours of DSCs containing anchors 1 and 3. In all cases, the ancillary ligand in the copper(I) dye is 7.
EIS for DSCs containing [Cu(2) (7) While carboxylic acid anchors are common choices in DSCs, they adsorb less strongly to TiO 2 than phosphonic acid anchors, with the latter also showing better long-term stability.
36,37
However, phosphonic acid anchors show a less efficient charge injection 36 which should be revealed in EIS measurements as a lower C m . In Fig. 7a, which , it can, however, be seen that this is not the case. The carboxylic acid anchors exhibit a much lower chemical capacitance than their phosphonic acid counterparts. At the same time, the recombination resistances for these samples are much larger than for dyes with the phosphonic acid anchors. This suggests that the electron injection through the carboxylic acid anchors is poor and therefore the resulting charge in the semiconductor is low. A low density of injected electrons means, aside from low C m , that few electrons are able to undergo electron back reactions, which is shown in the EIS as high R rec . The reason why the charge transfer of the DSCs with [Cu(2) (7)] + and [Cu(4) (7)] + is so poor, results from disruption of electron transport due to reduced dye adhesion and most likely not because these dyes themselves are better at suppressing recombination reactions of injected electrons. The more exible structure in the bpy unit together with the stronger adhesion given by the phosphonic acid anchor result in the best performing anchor and a much higher chemical capacitance which is consequently seen in the DSC with [Cu(3) (7)] + . Additionally, the low J SC ( (Fig. 7b) that the better the performance of the DSC (Table 3) , the more distinct is the phase shi for the TiO 2 /dye/electrolyte interface (black arrow), which means that the TiO 2 has a higher C m of the conduction band, i.e. more electrons populate it. The poorly dened separation of the semi-circles in the Nyquist plot in Fig. 7a for the DSC with [Cu(4)(7)] + due to the exceptionally high R t is also illustrated in the Bode plot and highlighted by the blue arrow. As mentioned earlier, isomerization of the C]C double bond in cyanoacrylic acid anchors has been shown to occur upon irradiation. 25 This could be the reason why the DSCs containing dyes with anchors 2-5 show such dramatic performance differences. Firstly, the anchor would benet from a more exible structure (i.e. bpy rather than phen-based) with the ability to adapt to photoisomerization. Secondly, the anchor would benet from a stronger binding group (phosphonic rather carboxylic acid) with a larger ability to compensate for conformational changes.
EIS for DSCs containing [Cu(1) (7) efficient charge injection which also yields higher V OC (Table 3) . Again, the photoisomerization 25 of [Cu(3)(7)] + may explain these differences, reducing the charge injection. Additionally, if the physical geometry of the dye changes, the accessibility of the electrolyte to the TiO 2 may also be affected. This could play a role in the amount of oxidized electrolyte residing close to the surface. This in turn will expedite electron recombination with the electrolyte leading to a decrease in R rec , and in addition, the conduction band level will decrease and R t will change as a consequence of charge compensation. This is dealt with in detail later when we discuss R t . Finally, another contributing factor might be that the electronegative cyano-acceptor group in [Cu(3)(7)] + not only has an advantageous impact on the internal charge transport within the dye, (i.e. directing electrons towards the semi-conductor), but also facilitates unwanted backreactions of charge already transferred to the semi-conductor. The measured chemical capacitance, C m , is related to the total density of electrons in the TiO 2 . 38 As the light intensity (LI) increases and reaches LI max , the band gap is smaller and the measured capacitance will ultimately stem from electrons residing in the conduction band of the TiO 2 . Fig. 9 further highlights the relationship between R rec and C m ; as the light intensity increases, R rec of the DSCs containing [Cu(3)(7)] also decreases more rapid than the other while the capacitance increases at a lower degree.
The electron lifetime, s, (Table 4) is calculated as the product of R rec C m and is signicantly higher for [Cu(1) (7)] + . s is the lifetime of injected electrons and a higher s implies a more efficient charge collection. As mentioned above, R t is the resistance to electron transport in the TiO 2 . A larger R t means that the transit time for the electron is larger. If the transit time is larger than the electron lifetime of injected electrons the charge collection will be ineffective. The length of diffusion, L d , describes the length of the diffusion pathway in the semiconductor for electrons to back react and should be as long as possible, but at least as long as the TiO 2 layer thickness (L). 39 In other words L d /L (which can be calculated as ffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi R rec =R t p ) should be larger than 1. This is the case for all DSCs and slightly larger for that with [Cu(1)(7)] + due to the higher R rec .
R t can be seen as a 45 slope between the cathode semi-circle and the recombination one, preferentially at lower bias voltage potentials in well-functioning DSCs. Fig. 10 shows R t values for DSCs with dyes [Cu(1)(7)] + and [Cu(3) (7)] + where the higher R t is for [Cu(1)(7)] + . As mentioned earlier, changes in R t generally occur if the electrolyte composition is altered, 38 which in turn is an effect of the conduction band (CB) level. The CB level changes with the ability of electrolyte constituents to charge compensate the electrons in the CB. 40 More extensive charge compensation lowers the CB level, resulting in lower V OC and R t but higher J SC . The lower R t for the cell with [Cu(3) (7)] + is indeed accompanied by a higher J SC and lower V OC . Yet, in this study the electrolyte composition is the same in all DSCs and the only difference is the dye. A reasonable explanation is that photoisomerization 25 of the anchoring ligand upon dye irradiation leads to difference in accessibility of the TiO 2 surface towards the electrolyte. This would result in a changed charge compensation situation, which, in turn, has an impact on the CB and therefor on R t .
Conclusions
The preparation and characterization of the anchoring ligands 2-5 for [Cu(L anchor )(L ancillary )] + sensitizers have been described.
Ligands 2 and 3 contain a bpy coordination site, while 4 and 5 contain a phen unit; 2 and 4 contain cyanoacrylic acid anchoring units, and 3 and 5 possess (1-cyanovinyl)phosphonic acid anchors. 30 the favourable effects of introducing a 6-triuoromethyl substituent into the ancillary ligand. We propose that the better performances of dyes containing 2 and 3 compared to those with 4 and 5 arise from the greater exibility of the bpy vs. phen unit, allowing dyes containing 2 and 3 to adopt a conformation that gives better surface coverage on mesoporous TiO 2 . An EIS investigation of DSCs containing dyes [Cu(2) (7) (poorer carboxylic acid adhesion compared to phosphonic acid, the more rigid structure of phen versus bpy, and possible photoisomerization of the alkene unit) render [Cu(4)(7)] + the poorest dye. This is manifested in the EIS measurements as high recombination resistance together with very low chemical capacitance.
In previous investigations, phosphonic acid 1 has been our favoured anchoring ligand in bis(diimine)copper(I) dyes. Replacing 1 by 3 leads to a small gain in J SC , but dyes with anchor 1 have enhanced V OC compared to those with 3. The EIS data for DSCs with dyes containing anchors 3 or 1 are compared, and the latter has a higher recombination resistance and chemical capacitance although the former presents a lower transport resistance. EIS measurements conrm that [Cu(1)(7)] + has a higher R rec than [Cu(3)(7)] + , in agreement with the higher V OC for [Cu(1) (7)] + . The lower R rec observed for [Cu(3)(7)] + is due to a more inefficient charge injection, and we propose that this may arise from photo-isomerization, reducing the charge injection, and the vicinity of the HOMO orbital to the surface, which could promote back reactions. Furthermore, R t is lower for [Cu(3)(7)] + , which is a consequence of a lower conduction band level. This indicates that charge compensation for injected electrons occurs more effectively, which is also manifested in the higher J SC for [Cu(3) (7)] + . The reason for this currently remains unclear.
